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METHOD FOR THE JOINING OF LOW
EXPANSION GLASS

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

This application claims the benefit of priority under 335
U.S.C. §119(e) of U.S. Provisional Application Ser. No.

61/156,052 filed on Feb. 27, 2009.

FIELD

The mmvention 1s directed to a method and apparatus for
joimng pieces of low thermal expansion glass to form large
assemblies or structures. In particular the method and appa-
ratus can be used to make structures for mirrors such as those
used 1n astronomical telescopes and other devices.

BACKGROUND

Glasses having a low coelficient of thermal expansion
(“CTE”) have applications 1n many different applications of
space technology, astronomy, masks for EUV (extreme ultra-
violet) lithography processes, optics, substrates and other
uses. Inmany of these applications 1t 1s important to be able to
construct large assemblies or structures using low CTE
(CTE=5x10""/° C. or less over the temperature range of —50°
C. to +150° C.). Present methods of making large assemblies
require fixturing pieces of low C'TE glass together and heating,
the large part assembly 1n a large furnace environment to the
point where the viscosity of the glass 1s suificiently low that
the glass pieces fuse together at their points of contact. While
this method can make large assemblies 1t 1s essentially an
“all-or-nothing” process.” If something goes wrong, for
example, a part of the fixture moves or the temperature envi-
ronment 1n the furnace 1s uneven; the entire assembly may be
useless and have to be discarded. This 1s both costly and time
consuming. As a result, 1t 1s highly desirable to have a method
in which an assembly can be constructed from discrete parts.
The present invention discloses a method for constructing an
assembly from discrete parts which are thermally welded/

joined using a laser and an apparatus for use 1n such method

SUMMARY

The mmvention 1s directed to a method and apparatus for
joimng together pieces of low thermal expansion glass to
form parts that can be used 1n the manufacturing of mirror
blanks. The parts are then used as a basis for the fabrication,
using the method described herein, of hexagon sub-assem-
blies that would then be joined for assembly into mirror
blanks. The parts and hexagon sub-assemblies are made of a
low coetficient thermal expansion (“LCTE”) glass (or glass-
ceramic); for example, the low thermal expansion silica-tita-
nia glass ULE® glass made by Corning Incorporated or the
low thermal expansion glass-ceramic Zerodur® made by
Schott Lithotec. The method and apparatus can be used to
make honeycomb assemblies for mirror blanks of any size
such as those used in astronomical telescopes and other
devices. The honeycomb assemblies have hexagonal cells.

The method provides for the laser welding of LCTE glass
parts to make hexagonal sub-assemblies suitable for mirrors,
said method comprising the steps of:

providing an equilateral triangular LCTE rod of selected
length having two end faces and three side faces of selected
width that form the equilateral triangular structure, and pro-
viding LCTE parts having a length, a width and a thickness,
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wherein the thickness of the parts 1s equal to the width of the
equilateral triangular side faces and the length of the rod 1s

equal to or larger than the length of the parts;

providing an apparatus having an element for initial hold-
ing of the equilateral triangularly shaped rod stationary and a
first, a second and a third movable holding fixture each having
an element for holding the LCTE glass parts stationary; said
clement for holding said rod and said first, second and third
fixture being mounted on supports such that when said rod 1s
held stationary each of the LCTE glass parts mounted on said
first, second and third fixtures can be moved 1into simulta-
neous pressured contact with one of the faces of said rod to
thereby support the rod and to form a weldable joint between
said part and said rod;

removing said rod support after the three LCTE parts are 1in
pressured contact with said LCTE rod;

providing at least one laser for providing a focused laser
beam of suificient power for heating the LCTE glass to its
softening point and one or a plurality of mirrors for directing
the focused laser beam from the laser to the weldable joint
tformed by the pressured contact of said LCTE parts with said
rod;

moving said fixtures having said parts mounted thereon
into a position such that the laser beam reflected by the mir-
rors impinges on the joint formed by the rod and the piece(s);

moving the pieces simultaneously to weld the parts and the
rod together along their length one side;

repositioning the laser beams and moving the pieces to
weld the parts and the rod together along the other side to
form an equilateral 3-blade propeller-like object;

repeating the foregoing steps a plurality of times to form a
plurality of 3-bladed propeller-like object; and

forming a hexagonal structure by laser welding the longi-
tudinal thickness face of one blade of each of the 3-bladed
propeller-like objects to a longitudinal face of an equilateral
triangular LCTE rod. The rod and the glass parts are held in
place by clamp element and a vacuum element.

Also provided herein 1s an apparatus for laser welding of
LCTE glass parts, the apparatus comprising:

at least one laser source for producing a laser beam,

a first, a second and a third movable fixture for holding
LCTE parts having a length, width and thickness,

an element for holding an equlateral triangular LCTE rod
having a selected length,

a plurality of mirrors for reflecting the laser beam from the
at least one laser light source to the joints formed by contact
between the LCTE parts and the LCTE rod,

and a plurality of drive mechanisms to independently mov-
ing the first, second and third movable fixture for holding
LCTE parts mto a position where the parts can be are 1n
pressurized contact with the longitudinal faces of the rod.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a flowchart of the assembly fabrication process
that gives a broad overview of the necessary steps to form
parts that can be used to make hexagonal sub-assemblies for
mirror blank formation.

FIG. 2 1s a simplified illustration of the joining process and
depicts the key elements.

FIG. 3 1s an illustration of LCTE glass pieces 1n the process
of being joined to a triangular LCTE rod by a laser beam to
form parts that will then be used to make a hexagon sub-
assembly.

FIG. 4 15 an illustration of LCTE pieces on movable fix-
tures 1n the process of being moved for joining by the use of
a laser beam.
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FIG. § 1s a further illustration LCTE parts being joined by
a laser.

FIG. 6 1s an 1llustration of an apparatus at can be used to
j0in LCTE pieces to a triangular rod to make triangular parts
for assembly 1nto hexagonal sub-assemblies.

FI1G. 7 1s a picture 1llustrating triangular, 3-blade propeller-
like objects formed using the method and apparatus described
herein.

FIG. 8A 1s an illustration of equilateral triangular parts in
the process of being made 1nto a hexagon sub-assembly.

FI1G. 8B 1s an illustration showing a mirror assembly within
a tube that has an opening for directing a laser beam from a
laser beam source to the joint that 1s to be welded.

FI1G. 9 1llustrates a honeycomb structure in the process of
being assembled an apparatus having mounted thereon three
tubes for reflecting laser beams.

FIG. 10 1llustrates how the tubes containing mirrors for
reflecting a laser beam are positioned such that the laser beam
can begin welding from the “back”™ of a cell of a honeycomb
structure to the “tfront” of the cell by movement of the stand 1n
the direction indicated by the arrow 1n FI1G. 10.

DETAILED DESCRIPTION

Herein, low thermal expansion (“LCTE”) glasses refers to
glasses and glass-ceramics that have an instantaneous coetli-
cient of thermal expansion of 0£5x1077/° C. or less over the
approximate temperature range of —50° C. to +150° C. An
exemplary LCTE glass that mentioned in the discussions
herein 1s ULE® glass (Corning Incorporated, Corning, N.Y.).
Other low thermal expansion glasses and glass-ceramics (col-
lectively herein “LCTE glass™) used in conjunction with the
method and apparatus described herein. Also herein the
LCTE parts are in the form of a glass sheet having a selected
length, width and thickness (simply called a “part” or a
“sheet™), and a triangular LCTE rod (simply called a “rod”).
The parts or sheets are laser welded to the triangular rod to
form a 3-blade propeller-like object. Three of these objects
are joined by laser to form a hexagonal sub-assembly and a
plurality of the hexagonal sub-assemblies that are then joined,
using the same laser welding method as described herein, into
LCTE mirror blanks. Herein, the term “pressured contact”
means that when a surface of one part 1s brought 1nto contact
with a surface of another part a force 1s exerted on the parts to
keep them 1n contact with one another and/or to hold any
object that may be inserted between the parts.

For exemplary purposes only, the glass pieces used to form
the 3-bladed propeller-like objects described herein (and hex-
agonal sub-assemblies subsequently formed) and 1llustrated
in FIG. 7 had a length 1=50 mm, a width w=25 mm and a
thickness t=2 mm. The longitudinal faces of the equilateral
glass rod used to make the 3-bladed propeller-like structure
had a width w=2 mm and a selected length that can be the
same as the pieces to which the rod was laser welded or the
rod can be slightly longer to accommodate a clamp-type
holding device. After the 3-blade propeller-like object 1s
formed the excess glass rod can be removed. The method
described herein can be used to make any size parts and
hexagonal structure. The apparatus as described herein can be
s1zed as needed to accommodate the dimensions of the parts
and rods being used.

There are several important 1ssues to be considered when
joimng glass components to form larger assemblies. These
are:

1. The energy density at the area where the glass pieces are

being jomned must be carefully controlled 1n order to
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4

avold localized vaporization of glass material that can
result in defects (for example, 1n optical elements).

2. Residual stress formation must be minimized. Stress in
the glass can induce birefringence which can affect the
performance of the final product; for example, by caus-
ing distortion of any transmitted or reflected light.

3. The area where the pieces are joined (the “joint™)
together must have high mechanical strength.

4. The surface geometry of the joint must be maintained.
For example, the joint should match the geometry of the
adjacent glass area and should not have any “defects,”
for example slumping, that cannot be easily removed
such as by grinding, lapping and polishing.

5. When welding glass pieces or parts, as opposed to glass-
ceramics, there should be no glass crystallization around
the joint when glass pieces are joined together. Crystal-
lization can occur during the sealing or fusing step.
Surface crystallization at the joint area 1s promoted on
ground, polished, sawed or otherwise uncleaned sur-
faces; 1s very rapid at sealing temperatures; and can
prevent good bonding of the parts. Hence, the surfaces
should be properly cleaned before being joined; for
example, by acid washing.

Large assemblies of LCTE glass have numerous uses
where the expansion of the glass can cause errors 1n observa-
tions, for example blurring. In some application it 1s highly
desirable that the LCTE assembly be as light as possible; for
example, mirrors and other optical elements that can be used
in space or onboard aircraift. It has recently become possible
to make small sheets of LCTE glass that be used to make
assemblies that can be used 1n these and other applications.
For such uses 1t 1s desirable that the assemblies be mechani-
cally and structurally one part, though they have been
assembled from a plurality of parts.

FIG. 1 1s a schematic illustrating the overall steps neces-
sary to make an assembly using the method and apparatus
described herein. For example, a ULE® blank 10 1s formed,
typically as large boule of glass, and 1s cut to make a “pre-
form” glass sheet 12. The preform glass sheet 12 1s then
stretched or redrawn to make a stretched glass sheet 14 having,
a selected length, width and thickness that can vary according
to dimensions of the final mirror blank into which the sheet
will constitute a part thereot. Stretching can be carried out, for
example by without limitation, by heating the glass to
approximately the 1ts softening point and then stretching the
glass, for example by passing 1t through a two pairs of rollers
operating at different rates of rotation, such that the glass
between the pairs of rollers 1s subjected to a stretching force
that causes 1t to elongate and thin. The elongated glass sheet
14 1s cut, sawed, trimmed and otherwise processed 1f required
(for example without limitation ground, polished, lapped,
etc., numeral 16) to form the desired sized parts 18. Once the
parts have been formed, they are then joined using laser
joming or welding as described below.

FIG. 2 1s simplified side view of the laser joining process
that 1llustrates the key elements mvolved 1n the laser welding
process. (For simplicity the triangular rod to which the parts
will be welded for mirror formation 1s omitted). Simplified
FIG. 2 illustrates two shaped ULE parts or sheets 18 that are
to be joined together. The parts are placed 1n a fixture (not
illustrated) having a plurality of elements including first and
second elements for holding the first and second ULE parts
18a and 185b. In one embodiment, the second part 185 1s held
stationary and the first part 18a 1s 1n a movable fixture ele-
ment, and the first part 18a 1s pressed against second part 1856
by applied pressure as illustrated by arrow 40a such that the
pressure being applied i1s uniform across the interface
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between the two parts which 1s indicated by numeral 50 and
the parallel lines extending from top to bottom of the parts). In
a second embodiment, parts 18a and 18 are both placed 1n a
movable fixture and pressure 1s applied as indicated by arrows
40a and 405 such that the pressure being applied 1s uniform
across the interface between the two parts being pressed
together. A laser unit (not illustrated) generates a laser beam
30 that passes through focusing lens 20 that focuses the beam.
[The energy density of the beam is increased after being
focused since energy density for a beam of given power 1s a
function of the beam’s radius.| The focal point of the beam 1s
a point 32 where the ULE glass 1s heated by Q conduction;
that 1s, the quantity (“Q”) of heat transterred by conduction
into the glass. The joiming of the glass 1llustrated 1n FIG. 2 1s
accomplished continuous welding by either moving the laser
(with the parts and the fixtures holding them held stationary)
at a constant rate from one side of the parts to the other (from
back to front in the figure) as represented by numeral 32, or by
moving the parts (and the apparatus or elements on which
they are situated) 1n a continuous manner with the laser beam
held stationary. Continuous welding, which i1s done at a con-
stant power and traversal rate, 1s preferred to spot welding
even 1f the spots are contiguous because 1t minimizes the
number of potential flaw sites that can be associated with spot
welds, particularly when multiple spot welds are used.
Arrows 34 represent the quantity Q ot heat lost by convention
and radiation. Numeral 24 represents a second weld made
using a second laser that would be located under the parts as
illustrated or, after the joining at points 32 has been com-
pleted, turning the parts over and repeating the operation in
the same manner as described above. In preferred embodi-
ments both parts 40a and 405 are movable and two lasers are

used simultaneously.

FIG. 3 1s an illustration of showing three ULE parts 18
being welded to a central equilateral triangular rod 19 by laser
beams 30 to form a triangular, 3-blade propeller-like piece in
which there 1s an angle 0=120° between parts. In one embodi-
ment the beams 30 can be from three separate lasers so that
the welding of the three parts 18 to rod 19 can be conducted
simultaneously. In another embodiment one laser can be used
to successively weld parts 18 to rod 19. The use of multiple
lasers as illustrated 1s preferred because it minimizes the
movement of laser equipment or the parts and the fixture
holding the parts that would occur when a single laser 1s used.
After welding as indicated a single, 3-bladed propeller-like
object 290 as illustrated 1n FIG. 7 1s formed 1n which there 1s
an angle 0=120° between the welded parts. The void area
between parts 18 of an object 290 can be filled using appro-
priately sized equilateral triangular parts of ULE glass to
make a hexagonal structure. In an alternative, three of the
propeller-like objects 290 can be joined to form a hexagonal
sub-assembly. A plurality of the hexagonal sub-assemblies
can be joined together using additional objects 290 to form a
honeycomb structure having a plurality of hexagonal cells. In
another alternative a plurality of objects 290 can be sequen-
tially joined to form a sequence of adjacent hexagonal cells
such that the result 1s a honeycomb structure having a plural-
ity of hexagonal cells. Using objects 290, the laser welding
method described herein, and the apparatus also described
herein the honeycomb structure can be made to any selected
s1ze. Adter the selected honeycomb size has been reached, any
“parts 18 that are not part of a hexagon can be removed; for
example by cutting, sawing or grinding. When the honey-
comb has been completed, hexagonal pieces of LCTE glass
can be mserted 1nto the honeycomb’s hexagons to form, for
example, a mirror blank
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FIG. 4 1s a diagram 1llustrating some essential elements for
laser joining or welding of a LCTE glass, for example, ULE®
glass. FIG. 4 1llustrates parts 18a, 185 on laser worktable
fixture (100, not fully illustrated) that has movable elements
90 and 91. As illustrated the parts 18a, 186 are held in place by
clamps 93, 94 that extend from the bottom of elements 90, 91
to the top of parts 18a, 186 to hold the parts 1n place on
clements 90, 91 while parts are in the process of being laser
joined. In an alternate embodiment, in the place of clamps 93,
94, elements 90, 91 have openings therethrough (not 1llus-
trated) for the application of vacuum from a vacuum source
(not 1illustrated) to hold parts 18a, 185 1n place. In one
embodiment both worktable elements 90, 91 are movable. In
another embodiment one worktable element (for example,
clement 90) 1s not movable and the other element (for
example, element 91) 1s movable. Workpieces 18a, 185 each
extends a distance from the edge of elements 90, 91 toward
cach other. The arrow 92 points to the areas of parts 18a, 185
that will be joined by using a laser beam 30, together with
pressure exerted as element 91 as it moves toward element 90
in the direction indicated by arrow 40a, to heat and join parts
18a and 18b. Laser radiation (the laser beam) 1s typically
applied to the area denoted by 92 after the parts 18a, 185 are
in contact with one another and before the laser begins to
traverse and seal the point of contact area to form a joint. No
additional pressure/movement 1s required after 1nitial pres-
sure loading. The drive mechanism(s) for moving elements
90, 91 having parts 18a, and 185 thereon 1s not illustrated.
Mechanisms for moving and pressing parts together are well
known 1n the mechanical arts.

FIG. 5 1s shows parts 18a, 186 1n a top view illustrating a
partially completed laser welding process. The heavy line 96
signifies an area that has been joined together by laser radia-
tion 30 (not illustrated) and the lighter line 97 signifies the
area that 1s 1n the process of being, and will be, joined by laser
radiation 30 as 1t traverses the area signified by lighter line 97.
Using a one-laser system, when the welding of the top has
been completed the parts 18a, 1856 can be turned over and the
process repeated on the second side of the part to complete the
joming process. In an alternate embodiment top and bottom
jomt areas are welded simultaneously using two laser sys-
tems. In order to fuse LCTE parts to one another the laser
system used to weld LCTE glass must be of sutlicient power
and have a wavelength that can be absorbed by the LCTE
glass. That 1s, the laser must be capable of heating the glass to
at least the softening point of the glass so that the glass will
flow together to form a joint or weld. For a LCTE glass such
as Tused silica, HPFS® (Corming Incorporated, registered
mark for high purity fused silica) or ULE glass a CO, laser
system 1s suitable and commercially available. Silica LCTE
glasses have good properties for laser melting and machining
which result from the strong absorption of CO, laser light,
which gives a small melt depth, and the LCTE glass’ low
thermal expansion. For example, a CO, laser was used herein
to join ULE glass as 1llustrated 1n FIG. 3 to form a 3-bladed
propeller like object 290 as shown 1n FIG. 7 which was then
filled 1n with triangular parts of ULE glass, laser welded to
object 290, to form a hexagon for use 1n a telescopic mirror.
The CO, lasers can provide power in the range of 50 to 15,000
watts which assures that sufficient power 1s available to weld
high softening point glasses such as ULE glass which has a
soltening point of approximately 1490° C. or HPFS which
has a softening point of 1585° C. The laser must be able to
heat the glass to the softening point so that 1t flows and joints
together the parts being welded.

FIG. 6 1s a top view illustrating an apparatus 200 that can be
used to weld LCTE parts to a LCTE rod to form an assembly
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that can be used making mirrors. Axial directions are shown
in the upper right hand corner of the figure to illustrate that the
horizontal x-, y-axes are in the plane of the drawing and the
vertical z-axis 1s in-and-out of the plane of the paper. Broadly,
the apparatus consists of movable fixtures 217, 212a and
212b, each of which has elements as described, and a plurality
of mirrors 240 for reflecting laser light from a laser light
source to the points where LCTE parts 18 are 1n contact with
a LCTE rod 130 (for example without limitation, a triangular
rod as might be used 1n the making for a honeycomb structure
tor large telescope) to which parts 18 will be joined to form an
assembly used 1n making a mirror. Movable fixture 217 1s
mounted on a support 213 such that 1t 1s movable (manually or
by computer control) along support 215 which 1s partially
illustrated behind 217. Element 216 1s an “L”” shaped element
having a leg 216a rigidly attached to fixture 217 and a rigid,
non-movable leg 2165 that 1s perpendicular to and extends
outwardly from leg 216a. During laser welding a laser part
18c¢ 1s held 1n position between element 216 leg 21656 and a
movable holding element 224. Within element 216 leg 216a 1s
a track and a rotatable worm screw drive 222 (not 1llustrated)
with attached external wheel 223 that can be rotated either
clockwise or counterclockwise. Holding element 224 extends
within leg 216a and element 224 has a threaded opening that
meshes with worm drive 222 threads such that element 224
can move along the worm drive and the track in erther direc-
tion depending on the rotational direction of drive 222. For
example, clockwise rotation may move element 224 toward
the leg 2165 of and counterclockwise rotation may move 1t
away from leg 216b. Rotation of element 223, and the
attached worm drive, can be done by manually turning wheel
223 or by connecting wheel 23 to a drive motor and controller.
In use, a LCTE part 18¢ 1s placed against element 216 leg
2160 and element 224 1s moved along worm drive 222 until 1t
contacts part 18¢ with suificient pressure to hold part 18¢ 1n
place.

Base 202 1s a base that can be either fixed to openings on
support 215 (for example, by using nuts and bolts), or a
movable base mounted on support 2135 that 1s either manually
moveable or movable by a drive motor connected to a con-
troller. Within base 202 are mounted two independently rotat-
able worm screws drives 222 with attached external wheels
223 such that drives 222 can be rotated either clockwise or
counterclockwise to independently move bases 212a and
212b either toward one another or away from one another.
Bases 212a and 2125 are connected to drives 222 by elements
229, shown as dotted line rectangles, which extend from
bases 212a and 2126 into base 202. Elements 229 have a
threaded opening through which drives 222 pass with the
threads of the worm drive engaging the threads of the open-
ing. As drives 222 are rotated elements 229 are moved along
the drive thus moving fixtures 212aq and 21254.

Elements 214a and 2145 are mounted on fixtures 212q and
212b. Elements 214 and 2145 can be eirther fixed or movable.
Ifelements 214a and 2145 are movable, the worm drives used
to move them can be located within elements 214a and 2145,
respectively (not illustrated), or they can be located within
clements 212a and 2125, respectively, as illustrated by the
arrows pointing to external wheels 213a and 2135 what are
used to rotate the worm drive. Wheels 2134 and 2135 can be
turned either manually or using a drive motor and controller.
Elements 214a and 2145 are connected to the worm drives
within elements 2124 and 21256 1n the same manner as ele-
ments 212aq and 212H are connected to worm drives 222 in
base 202.

Elements 214a and 215 each has a sloped top such that the
angle 0 between the sloped tops and the LCTE pieces 18a and
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185 thereon 1s 120°. LCTE pieces 18a and 185 are held 1n
place on the sloped tops by a holding element (not 1llustrated)
or by vacuum 1illustrated within elements 214a and 21456 by
the block arrows 250 representing the connection between
multiple vacuum ports in elements 214a and 2146 and a
vacuum source (not illustrated).

The apparatus 200 also has a plurality of movable mirrors
240 that are represented by a circle-and-line within a dotted
line circle. In the embodiment as illustrated three lasers are
used for welding each of parts 8a, 186 and 18 to rod 130.
Mirrors 240 are transmit a focused laser beam from a laser
source used to joints formed by 18a, 185 and 18 with rod 130.

Further referring to FIG. 6, to form triangular parts suitable
making hexagonal sub-assemblies, LCTE parts 18a, 185 and
18c¢ are placed and held as described. The triangular parts are
made using three LCTE glass pieces and a tnangular LCTE
glass rod. Triangular rod 130 1s held 1n position at either end
by a holding element (not 1llustrated), for example a clamp or
a vacuum element 1n contact with the end faces of rod 130.
Once the rod 1s 1n position each of the parts 18a, 185 and 18¢
1s moved 1nto pressured contact with a face of the triangular
rod. Once all the parts 18a, 185 and 18¢ are 1n pressured
contact with rod 130, the rod 130 holding elements can be
removed and the joints between the rod and parts 18a, 185 and
18¢ are joimned using the transmitted laser beam. When a
clamp 1s used the rod length 1s greater than that of parts 18a,
186 and 18c¢ to facilitate use of the clamp. When a vacuum
clement 1s used to hold the rod the vacuum element can be
removed once the rod and parts 18a, 1856 and 18¢ are in
pressured contact. Consequently, when vacuum i1s used to
hold rod 130, the rod can be the same length as the faces to
which i1t 1s being welded or 1t can be longer. However, regard-
less of how the rod 1s held and the allowance that the length of
the rod can be slightly longer than the length of the glass face
to which 1t 1s being welded, the width of the rod faces and the
glass faces being welded to the rod faces must be the same.
When welding has been completed the welded parts are
removed and any excess length of rod 130 1s removed, for
example by cutting. The resulting triangular, 3-blade propel-
ler-like objects 290 made using the method and apparatus
described herein are 1llustrated 1n FIG. 7.

FIG. 8A 1illustrates the process of making a hexagonal
sub-assembly. In FIG. 8A the apparatus 300 has heads 320
that are mounted on a frame. Each head 320 has a movable
clement 322 with vacuum head 324 for holding a triangular,
3-bladed propeller-like part 290 in place by application of
vacuum to two of the three blades. Elements 322 with vacuum
heads 324 and attached parts 290 are moved toward one
another by piston 321 until the blades 291 not held by vacuum
heads 324 each makes pressured contact with a triangular rod
130 as 1n FI1G. 7, though not 1llustrated 1n FIG. 8A. (Rod 130
maybe held 1n place by a removable holder, as described
above, until pressured contact 1s made with blades 291). The
blades 291 are then welded or joined to rod 130 using laser
beams 30 (not shown) reflected by mirrors 240 to the joints
being welded. As illustrated in FIG. 8B, each mirror 240 1s
within a tube 414 that has an opening 444. Laser light 1s
reflected from minor 240 through tube 414 opening 444 to the
joint locations. In a preferred embodiment three laser beam
30 are used to simultaneously weld the three parts together.
The parts 290 being welded are stationary and the laser beams
traverse the elements as 1s illustrated in FIGS. 9 and 10.

FIG. 9 1llustrates apparatus 410 having mounted thereon
three tubes 414. Each tube 414 has a mirror 240 at one end and
an opening 444 as 1s illustrated 1n FIG. 8B. Apparatus 410 1s
mounted on supports 416 and 1s not moved during laser
welding. A partially completed honeycomb 420 1s mounted
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on a movable stand 424 having holding element as described
in FIG. 8A. Welding 1s carried out by moving support 424
with honeycomb 420 thereon in the direction indicated by
arrow 428 until the end of tubes 414 are within adjacent
hexagonal or partial opening of honeycomb 414 as 1s 1llus-
trated 1n FI1G. 10, and the openings 1n tubes 414 are positioned
such that the laser beam can begin welding from the “back™ of
the honeycomb (the part closest to support 424) to the “front™
of the honeycomb by movement of the stand 1n the direction
indicated by arrow 429 in FIG. 10. The process can be
repeated as many times as necessary to form a completed
honeycomb structure.

While the invention has been described with respect to a
limited number of embodiments, those skilled in the art,
having benefit of this disclosure, will appreciate that other
embodiments can be devised which do not depart from the
scope of the invention as disclosed herein. Accordingly, the
scope of the imnvention should be limited only by the attached
claims.

We claim:

1. A method for laser welding of LCTE glass parts to make
hexagonal sub-assemblies suitable for mirrors, said method
comprising the steps of:

providing an equilateral triangular LCTE rod of selected

length having two end faces and three side faces of
selected width that form the equilateral triangular struc-
ture, and providing LCTE parts having a length, a width
and a thickness, wherein the thickness of the parts 1s
equal to the width of the equilateral triangular side faces
and the length of the rod 1s equal to or larger than the
length of the parts;

providing an apparatus having an element for initial hold-

ing of the equilateral trnangularly shaped rod stationary
and a first, a second and a third movable holding fixture
cach having an element for holding the LCTE glass parts
stationary; said element for holding said rod and said
first, second and third fixture being mounted on supports
such that when said rod 1s held stationary each of the

LCTE glass parts mounted on said first, second and third
fixtures can be moved into simultaneous pressured con-
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tact with one of the faces of said rod to thereby support
the rod and to form a weldable joint between said part
and said rod:

removing said rod support after the three LC'TE parts are 1n

pressured contact with said LCTE rod;
providing at least one laser for providing a focused laser
beam of suificient power for heating the LCTE glass to
its softening point and one or a plurality of mirrors for
directing the focused laser beam from the laser to the
weldable joint formed by the pressured contact of said
LCTE parts with said rod;

moving said fixtures having said parts mounted thereon
into a position such that the laser beam retlected by the
mirrors impinges on the joint formed by the rod and the
piece(s);

moving the pieces simultaneously to weld the parts and the

rod together along their length one side;

repositioning the laser beams and moving the pieces to

weld the parts and the rod together along the other side to
form an equilateral 3-blade propeller-like object;

repeating the foregoing steps a plurality of time to form a

plurality of 3-bladed propeller-like object; and

forming a hexagonal structure by laser welding the longi-

tudinal thickness face of one blade of each of the
3-bladed propeller-like objects to a longitudinal face of
an equilateral triangular LCTE rod.

2. The method according to claim 1, wherein the element
for holding the holding the rod and the glass parts 1s a vacuum
clement.

3. The method according to claim 1, wherein LCTE glass
parts means glass parts having a coelficient of thermal expan-
sion of 0+5x1077 or less over the approximate temperature
range of —=50° C. to +130° C.

4. The method according to claim 1, wherein said LCTE
glass parts are selected from the group consisting of fused
s1lica and silica-titania.

5. The method according to claim 1, wherein said ““at least
one laser” 1s capable ol heating the glass to the softening point
of the glass so the glass will tlow together to form a joint or
weld.

6. The method according to claim 1, wherein said ““at least
one laser” 1s a CQO, laser providing power sutficient power to

weld the glass parts together.
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